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Abstract. Possible realistic scenarios are investigated in the minimal supersymmetric
standard model (MSSM) Higgs sector extended by dimension-six effective operators. The
CP-odd Higgs boson with low mass around 30–90 GeV could be consistently introduced
in the regime of large threshold corrections to the effective MSSM two-doublet Higgs
potential.
1 Introduction
The discovery of the Higgs boson at the LHC in 2012 [1] confirmed the fundamental concept of sym-
metry breaking in the scalar sector. Properties of a new scalar with mass 125.09±0.21(stat)±0.11(sys)
GeV [2] are consistent within the statistical uncertainties with predictions of the Standard Model
(SM). However, uncertainties of the signal strength and signal strength errors in most production
channels are still significant and should be reduced by future analyses of ATLAS and CMS Collabo-
rations at the energy 13 TeV. At present time their combined results at
√
s =7 and 8 TeV [2] for the
Higgs boson production cross sections and decay rates leave a room for meaningful contributions of
physics beyond the SM. In the MSSM the Higgs sector includes five Higgs bosons. In the CP con-
serving limit they are two CP-even neutral Higgs bosons h and H, one CP-odd neutral Higgs boson A
and two charged scalars H± [3]. The mass spectrum of these scalars which is defined at the tree-level
by the parameters mH± (charged Higgs boson mass) and tan β = v2/v1 (the ratio of vev’s in the Higgs
isodoublets), is strongly influenced by radiative corrections coming (in the natural MSSM scenarios)
from the side of the third generation SM fermions and the scalar quarks.
Calculations of radiative corrections are performed using several approaches, which can be con-
ditionally divided into two groups, the diagrammatic approach [4] and the effective field theory ap-
proach, the latter uses the renormalization group (RG) improved effective potential at the mtop scale
[5, 6]. Insignificant differences in the mass spectrum of scalars [7] evaluated with the help of dia-
grammatic and effective potential methods originate from different sets of radiative corrections imple-
mented in the codes (that applies in particular to the corrections at the two-loop level) and different
renormalization schemes which are used in diagrammatic (the on-shell scheme) and effective poten-
tial (the MS scheme) approaches. Besides the RG resummation of leading-logarithmic contributions,
the EFT approach can be easily extended to include the threshold behaviour. The gauge coupling
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constants g1 and g2 which are measured at the mtop scale are RG evolved to the scale of scalar quark
masses (MS scale) where the MSSM boundary conditions [8] for the two-doublet potential are im-
posed and the threshold corrections are calculated, resulting in the effective parameters λi, i =1,...7 of
dimension-four two-doublet potential at the MS scale. Then λi(MS ) are RG evolved to the mtop scale
where the radiatively corrected Higgs boson masses are evaluated using the effective RG improved
two-Higgs doublet potential. Generalization of this scheme is possible to the case of MS at the multi-
TeV scale (’heavy’ supersymmetry) with two thresholds, when additional mass scale mA is between
mtop and MS [9]. In calculations below we are using symbolic expressions for the effective potential
parameters and normalization conventions from [10]. The EFT approach specified in [10] has been
modified in [11]. In the modification [11] the MSSM Higgs sector is extended by 13 dimension-six
operators with the effective factors in front of them κi, i=1,...13 which are calculated symbolically in
the EFT. It is shown that the threshold corrections dependent on various powers of At,b/MS and µ/MS
(where At,b are the trilinear Higgs-squark couplings and µ is the superfield mass parameter in the
general Higgs boson-squarks interaction Lagrangian [5]) moderately contribute to the observables, so
evaluations in the range of At,b, µ of the order of several or more TeV
1 are meaningful.
In the next Section some examples of the structure of effective couplings in front of the dimension-
four and the dimension-six Lagrangian terms are given. Numerical results in the frameworks of sev-
eral parametric MSSM scenarios (the benchmark scenarios [12]) are discussed in Section 3 with the
focus on low-mH and low-mA scenarios. The question of the MSSM vacuum stability which could be
relevant for a large At,b, µ range in the low-mass scenarios, is discussed in Section 4.
2 EFT framework
The effective Higgs potential in the Coleman-Weinberg framework [13] expanded to all orders of
perturbation theory is shown schematically in Fig. 1
U(1 − loop) = U (2) + U (4) + U (6) + ... (1)
In the literature it is usually supposed that all higher order potential terms of effective operators
Figure 1. The one-loop approximation
for the effective potential in the
Coleman-Weinberg framework [13].
which are more than dimension-four in the fields are negligibly small if the following conditions are
respected [6]
2|mtAt| < M2S , 2|mtµ| < M2S , (2)
where mt =173.2 GeV is the top quark mass. Mass splitting of the squark states is small, At,b, µ, MS
parametrization of the MSSM soft supersymmetry breaking sector is most common for the MSSM
benchmark scenarios. However, the dimension-six operators may also play a role if At, µ parameters
satisfy the following conditions
|µ|mt cot β ≈ M2S , |µ|mb tan β ≈ M2S , |At|mt ≈ M2S , |Ab|mb ≈ M2S , (3)
|µAt |m2t cot β ≈ M4S , |µAb|m2b tan β ≈ M4S ,
1The analysis of perturbative unitarity violation in the MSSM scalar sector deserves a separate study.
which are true if At,b, µ range is of the order of a few TeV or more in combination with moderate MS
at the TeV scale. Such situation is rather unusual in the most of MSSM scenarios but estimates show
that parameters At, µ may have so large values which are consistent with the perturbative unitarity
conditions. The potential terms of the two-doublet scalar sector can be written as follows
U (2) = − µ21(Φ†1Φ1) − µ22(Φ†2Φ2) − [µ212(Φ†1Φ2) + h.c.], (4)
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, i = 1, 2 (7)
– Higgs doublets with the S U(2) field states and v1 = v cos β, v2 = v sin β (v = 246 GeV) – vacuum
expectation values of them. The real part of µ2
12
is fixed by zero eigenvalue of the mass matrix (which
ensures massless Goldstone boson state and defines the CP-odd scalar mass m2
A
)
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where sβ = sin β, cβ = cos β and so on. The charged Higgs boson mass is shifted from the tree-level
value by ∆λ4,5 and κi, i=5,6,7,9,10,11
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Tree-level boundary conditions for the Higgs self-couplings at the scale MS are [8]
λtree1,2 (MS ) =
g2
1
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, (10)
λtree5,6,7 (MS ) = 0, κ
tree
1,...,13(MS ) = 0, (11)
where g1 and g2 are the standard gauge couplings, while at the loop-level and below MS scale these
couplings acquire radiative corrections
λ1,2(M) = λ
tree
1,2
(MS ) − ∆λ1,2(M)/2, λ3,...,7(M) = λtree3,...,7(MS ) − ∆λ3,...,7(M),
κ1,...13(M) = ∆κ1,...13(M).
Radiative corrections to parameters λi, i=1,...7, in the effective field theory framework have been
analysed in ref. [5, 6, 10]. Radiative corrections to the parameters κi, i =1,...13 in the approximation
of degenerate squark masses have been obtained in [11]. An example of the one-loop RG-improved
threshold correction structure for λ1 and the threshold correction for κ1 in the formwhich uses At,b,/MS
and µ/MS power terms is
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are the
Yukawa couplings. One can notice inspecting such explicit forms that radiative corrections∆κthr begin
to play a role if the conditions (3) are true. In this case the corrections coming from the dimension-six
operators of the one-loop potential can be appreciable even if the inequalities (2) are respected.
3 Implications under the benchmark scenarios low-mH and low-mA
Experimental constraints on the MSSM parameter space are imposed by the search for a non-standard
bosons in the channels τ+τ−, bb¯ and τ±ντ, either inclusive or with b-jets tagging. As mentioned
above, calculations of observables in the MSSM parameter space are usually performed in a number
of benchmark scenarios which reduce the full MSSM parameter space to a degenerate versions where
the number of free parameters is five or six (if a phase of explicit CP violation is accounted for). In the
natural MSSM scenarios of this sort radiative corrections depend on the superpartner mass scale MS ,
the parameters of the soft supersymmetry breaking terms At,b and the Higgs superfield mass parameter
µ which are fixed to specific benchmark sets which demonstrate different consequences for the LHC
phenomenology. Seven benchmark scenarios are specified in [12], see the parameter sets in Table 1.
With the parameters MS , At = Ab and µ fixed to benchmark values only mH± and tan β are changed, so
various constraints and exclusion contours are displayed in the (mH± , tan β) plane. For our purposes it
is also interesting to fix mH± , tan β and reconstruct the mass contours in the (At,µ) plane. Corrections
to the Higgs boson mass spectrum which are induced by dimension-six effective operators are shown
in Fig.2 and Fig.3. Note that in addition to medium and high tan β contours usually referred in the
literature and used for the analyses (see e.g. [14]), acceptable contours at tan β <1 are observed (see
also [15]) in the scenarios mmax
h
, mmod+
h
, mmod−
h
, light stop, light stau and τ-phobic. It is assumed that a
rough lower bound tan β ≥ mt/600 GeV [16] is respected. Corrections from dimension-six operators
in the two-Higgs doublet sector substantially shift the contours in a number of scenarios reducing as
a rule the acceptable regions of the MSSM parameter space.
The case of catastrophic changes of the mass spectrum in the τ-phobic scenario is shown in Fig.3.
In the tan β range from 1 to 4.5 h(125GeV) is replaced by H(125GeV) and A-state becomes tachyonic.
The state at mh =125 GeV for low tan β in the normally ordered mass spectrum which follows from
the dimension-four effective potential does not exist if the thirteen dimension-six terms are introduced.
This is a typical picture in the regions of parameter space, where tan β ≈ 0.4− 1 and mH+ ≥ 500 GeV.
(a) (b)
Figure 2. Isocontours of the lightest Higgs boson mass mh = 125 GeV in (m
±
H
, tan β)-plane for various bench-
mark scenarios, see Table 1. Solid lines - Lagrangian terms of dimension-four are accounted for, dashed lines
correspond to calculation which takes into account radiative corrections coming from additional dimension-six
Lagrangian terms. Right panel - isocontours of mh = 125 GeV at a low tan β.
Figure 3. Higgs boson masses for
τ-phobic scenario, see Table 1. Red lines
correspond to Higgs boson masses
calculated with dimension-four
Lagrangian terms including effective
parameters λi, i =1,...7. Blue lines
correspond to a calculation with
additional dimension-six potential terms
[11] which include effective parameters
κi, i =1,...13. Due to condition mh=125
GeV, all Higgs boson masses are
analytically defined (see [11]). In the low
tan β range, tachyonic states of Higgs
bosons appear.
mmax
h
mmod+
h
mmod−
h
light stop light stau τ-phobic low-MH
mtop [GeV] 173.2
MS [GeV] 1000 1000 1000 500 1000 1500 1500
µ [GeV] 200 200 200 350 500 2000 varied
XMSt /MS
√
6 1.6 -2.2 2.2 1.7 2.9 2.9
Table 1. Parameter sets for benchmark scenarios, see [12].
Besides a natural possibility to identify 125 GeV state as the lightest CP-even Higgs boson h, more
exotic possibility to interpret the observed state as the heavy CP-even Higgs boson H of the MSSM
has been analysed [17]. Such scenario is known as low-mH . Alignment of the H boson couplings to
fermions and bosons (the H-alignment limit) when the couplings of H are the SM-like respects the
approximate equality of mixing angles α ∼ β, which is different from the h-alignment limit when
α−β ∼ π/22. The alignment limit of the MSSM [18] where couplings of h are close to the SM values,
is observed only for intermediate tan β at large masses of mH , mA and mH± in a majority of scenarios.
It was shown [12] that in the case of dimension-four effective Higgs potential terms in the fields
U (4), Eq.(1) and for low-mH benchmark scenario (see Table 1) with fixed value of CP-odd scalar mass
mA =110 GeV the lightest Higgs boson mass is changing in an interval 77 GeV ≤ mh ≤ 102 GeV. The
same behaviour is observed in our case with results for masses insignificantly higher. If U (6) terms
are added, radiative corrections from dimension-six effective operators [11] decrease the values of
masses by 2–3 GeV. The decoupling limit is poorly realized in low-mH where all Higgs boson masses
are about 100 GeV. So with mA =110 GeV the H-alignment limit α ∼ β seems to be not realistic and in
the following we shift the CP-odd boson mass mA to lower values of 30 GeV and 90 GeV identifying
125 GeV state as either the CP-even scalar h or the CP-even scalar H (low-mA scenario).
Experimental signs of the low mass A-boson state are not discovered, although the search is in
progress [19]. Typical situation at the large values of At,b and µ parameters which are approaching
5 TeV in the scenario with low mA value of 30 GeV is shown in Fig.4(a), where along the dashed
solid black line mh =125 GeV. Isocontours of mH demonstrate possible mass range of 300–400 GeV.
Charged Higgs boson is sufficiently heavy with mass up to 170 GeV. The h-alignment limit takes place
in this case at tan β from 2 to 5 and MS of around 2 TeV. In Fig.4(b) we swap h and H, so contours
of constant mh for the case when mH =125 GeV (dashed solid black line) are consistent for masses
less than 100 GeV. In this case the charged Higgs boson mass is in the interval 90–100 GeV and
H-alignment limit is not respected. Analogous plots for the case mA =90 GeV are shown in Fig.4(c),
where h-alignment limit is respected, mH± is around 150-170 GeV, and Fig.4(d), where H-alignment
limit is not respected, mH± is around 100 GeV. The mass mH± can achieve values of around 700 GeV
if mh=125 GeV, MS < 1500 GeV, tan β of around 3–6, At and µ of around 10 TeV, see Fig.5. In
Fig.4(e),(f) one can see the isocontours for mH (left panel) and charged Higgs mass mH± (right panel)
in low-mA scenario, where the h-alignment limit is available.
4 Vacuum stability with respect to ∆κ1,...13 terms
Precise measurements of the Higgs mass and the top quark mass are critical to determine the vacuum
structure of the SM [20] which demonstrates a metastable vacuum. In the SM the scalar sector is
single-field in the unitary gauge. In the SM extensions the situation is more complicated because
the Higgs sector includes several fields. Raises concerns the possibility of the existence of regions
of parameter space where radiative corrections from dimension-six operators could spoil the vacuum
stability. In the following we shall analyse the criteria when the local minimum v =246 GeV of the
Higgs potential exists if the following conditions are respected
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2Let us remind one that h-alignment limit [18] was proposed in the context of an assumption that the observed Higgs boson
is the lightest CP-even scalar h.
(a) (b)
(c) (d)
(e) (f)
*
Figure 4. Isocontours for the Higgs boson masses reconstructed for low-mH and low-mA scenarios in the (µ, At,b)
plane: (a) mA=30 GeV is fixed, various mH contours are superimposed on the mh =125 GeV contour marked
by dashed line; (b) mA=30 GeV is fixed, various mh contours are superimposed on the mH =125 GeV contour
marked by dashed line; (c) the same configuration as (a), but mA=90 GeV; (d) the same configuration as (b),
but mA=90 GeV. Everywhere MS=1500 GeV, tan β=2. In the cases (a) and (c) the alignment limit is respected,
the charged Higgs boson mass is 150-170 GeV. In the cases (b) and (d), which are much less reasonable, the
alignment limit does not take place in the full parameter space and the charged Higgs boson mass is 90–100 GeV.
Plot (d) and plot (f) show the isocontours of mH and mH± at mA =30 GeV, MS =1500 GeV and tan β =5 when
mh =125 GeV (solid dashed line).
(a) (b)
(c) (d)
*
Figure 5. Isocontours for the Higgs boson masses reconstructed for low-mH and low-mA scenarios in the (µ, At,b)
plane: mA=30 GeV, MS =1000 GeV and tan β =5, the contour marked by dashed line corresponds to 125 GeV,
(a) various mH contours are superimposed on the mh =125 GeV contour marked by dashed line; (b) various mH±
contours are superimposed on the mh =125 GeV contour marked by dashed line; (c, d) the same configuration as
(a, b), but mH=125 GeV.
Rather compact form for ∆ when κi=0 can be written as
∆ = −[−2Reµ212 + v2(3λ6c2β + 3λ7c2β + λ345s2β)]2 (15)
− [v2(−λ7 + 3λ6 cot2 β + 4λ1 cot3 β) + 2Reµ212 csc2 β]
× [v2(−4λ2 − 3λ7 cot β + λ6 cot3 β) − 2Reµ212 cot β csc2 β]s4β tan β > 0,
where Reµ2
12
is defined by Eq. (8). Allowed domains on the plane (µ, A) for fixed values of MS
and tan β are shown in Fig. 6. They are reconstructed for the case when the lightest CP-even scalar
mass mh =125 GeV and masses of other Higgs bosons are positively defined. The green region (it
is superimposed on the yellow region of approximately the same shape) includes an allowed A and
µ range if the Higgs potential terms U (2) + U (4) (see Eq.(1)) are extended by U (6) operators, Eq.
(6), and the yellow area represents the allowed region for U (2) + U (4) terms only (green and yellow
(a) (b) (c)
Figure 6. The allowed regions defined by Eq. (14) for mh =125 GeV and (a) – tan β=1, MS=1.5 TeV, (b) –
tan β=10, MS=1.5 TeV and (c) tan β=10, MS=5 TeV. Green area corresponds to an allowed parameter range
for the Higgs potential U = U (2) + U (4) + U (6); yellow area corresponds to an allowed parameter range for the
potential U (2) + U (4) in the one-loop expansion of the effective Higgs potential, Eq.(1). Green and yellow areas
mostly overlap.
(a) (b)
Figure 7. Higgs potential forms, see (1), for MS=1.5 TeV, tan β=1 and (a) – A = µ=1.5 TeV, (b) – A=7.5 TeV,
µ=2 TeV, see also Fig. 6. The plane U =0 is shown in green colour.
domains rather precisely overlap excluding yellow stripes). Visible deviations of the contours for the
dimension-four potential are observed if the values of At respect the conditions of Eq. (3).
Configuration forU (2)+U (4)+U (6) in the case of "good" (A, µ) parameters for the effective potential
decomposition is shown in Fig. 7(a). The potential has two minima and is positively defined at a large
φ0
i
. So in this case the vacuum is true and stable. But if A and µ are chosen from the yellow stripes
of Fig. 6 (a), the conditions defined by Eq. (14) are not respected for the potential U (2) + U (4) + U (6),
two minima degenerate to a gully which forms a saddle configuration at the origin, see Fig. 7(b). In
the case ∆ = 0, a gully forms the flat direction when the stationary point at the origin is degenerate
and nonisolated [21].
In the considered benchmark scenarios MS < 1.5 TeV, µ < MS (except τ-phobic scenario) and
At = Xt + µ/ tan β, where Xt ∼ O(1)MS , so large values of At when the difference between various
radiative corrections is appreciable can be achieved only for extremely small tan β region, where
additional contributions are expected. The minimum of the potential disappears only at low tan β
for light stop and τ-phobic scenarios while other demonstrate remarkable stability with respect to
radiative corrections.
5 Summary
In the above examples it is evident that dimension-six effective operators moderately contribute as a
rule, but in some scenarios they could mangle rather strongly the observables of the Higgs system
with the dimension-four potential terms in the fields. Regions of the parameter space consistent
with mh =125 GeV change significantly, especially at low tan β. At the same time in the regime
of large MSSM parameters At,µ of the order of several TeV or more, moderate tuning is needed to
combine consistently the low mass CP-odd state with the CP-even state at 125 GeV and heavy enough
charged Higgs boson which is accompanied by the second CP-even state in the same mass range. The
alignment limit which is required to match consistently all the decay channels of 125 GeV scalar is
easily reached when the 125 GeV state is identified as the lightest CP-even boson h and is hardly
possible if it is identified as the heavier mass state H. Regimes with tachyonic states unsuitable for
identification may appear.
Untrivial question of pertirbative unitarity conditions in the large At,µ regime deserves a separate
study. In the standard procedure of analysis tree-level scattering matrix for all physical states is
constructed in the mass basis and diagonalized imposing then constraints on the eigenvalues [22]. This
procedure can be performed [23] in the two-Higgs doublet model basis of S U(2) states, Eq.(7), if it
is related to the mass basis by a unitary transformation. Using specific non-linear symbolic formulae
which express λi through masses of bosons and mixing angles in the scalar sector [24] the parameter
space can be directly constrained by imposing some meaningful limitations on the eigenvalues of the
MSSM scattering matrix.
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